ABSTRACT One of the major challenges with electric shipboard power systems (SPS) is preserving the survivability of the system under fault situations. Some minor faults in SPS can result in catastrophic consequences. Therefore, it is essential to investigate available fault management techniques for SPS applications that can enhance SPS robustness and reliability. Many recent studies in this area take different approaches to address fault tolerance in SPSs. This paper provides an overview of the concepts and methodologies that are utilized to deal with faults in the electric SPS. First, a taxonomy of the types of faults and their sources in SPS is presented; then, the methods that are used to detect, identify, isolate, and manage faults are reviewed. Furthermore, common techniques for designing a fault management system in SPS are analyzed and compared. This paper also highlights several possible future research directions.
I. INTRODUCTION
Shipboard Power Systems (SPS) play a significant role in the next-generation Navy fleets. With the increasing power demand from propulsion loads, ship service loads, weaponry systems and mission systems, a stable and reliable SPS is critical to support different aspects of ship operation. It also becomes the technology-enabler to improve ship economy, efficiency, reliability, and survivability [1] . Compared with terrestrial power systems, the SPS is more fragile and prone to faults and failures due to the close proximity of the system's components that is lead to the fast propagation of the faults. Moreover, it is important to improve the reliability and robustness of the SPS while working under different operating conditions to ensure safe and satisfactory operation of the system. Damage to any system's component in SPS can directly lead to the failure of the ship's mission.
Accordingly, an appropriate Fault Management System (FMS) is essential for the design and analysis practices of SPS. In order to design an effective FMS, it is necessary to consider the unique features of SPS as a non-conventional power network and take into account the specific requirement for fault analysis and protection system design. The main objective of onboard FMS is to monitor the current operating status of the electrical power systems, identify the fault at an early stage, and take appropriate actions to minimize the effects of the fault to enable reliable, safe, and robust restoration.
The problem of designing and implementing effective FMS for SPS has attracted significant research interest over the past decade, and there is currently a rich body of literature that addresses different aspects of FMS design such as fault detection, localization, isolation, and reconfiguration. There are few survey papers that discuss each technique [2] , [3] . Most of the survey papers in this topic are related to the terrestrial power systems applications [4] - [6] . Moreover, there is no paper that covers all the mentioned techniques in a comprehensive manner. The main aim of this paper is to provide a detailed review, classification, and comparison of different types of fault-related techniques for the SPS applications considering its unique features. This review can help to develop the essential guidelines and metrics in designing future FMSs. A side-by-side comparison of the most popular fault detection/isolation/reconfiguration techniques can also provide insights into the current fault-related design and FIGURE 1. Baseline System Model for MVAC shipboard distribution system [8] .
development practices for SPS to ensure the reliable production and delivery of electric power. To this end, we classify and compare existing approaches of fault management at the stages of fault detection, fault isolation, and system reconfiguration. This paper reviews common techniques employed in these stages as part of a comprehensive fault management system for SPS and highlights the difference between these techniques.
Protection devices need to respond to faults in the shortest time possible to reduce the impact of failure on the system. For effective fault management, local controllers and ship-wide controllers need to work in a coordinated way to analyze the post-fault system configuration, determine an optimized remedy strategy, and take prompt actions to restore the affected service(s) [7] . While protection devices and global/local controllers operate at different time scales and have different objectives, they are closely coupled in terms of the system operation. Therefore, fault analysis and the underlying adaptive control should be conducted in a coordinated way to fully capture the interactions mentioned above. Throughout this paper, we compare different techniques for fault management in SPS while addressing the complex interaction between fault conditions and system dynamics at various levels.
The remainder of the paper is organized as follows: Section 2 presents the overview of the marine electrical system. Section 3 provides the definition and different sources of faults in SPS. The importance of fault management and its classification in SPS are discussed in Section 4. In Section 5 to 7, the methods that are used for each stage to achieve a fault management system are reviewed and compared. Finally, future research trends and conclusions are drawn in Section 8 and 9, respectively.
II. OVERVIEW OF THE SPS STRUCTURE
SPS is an autonomous microgrid and is powered by distributed generation systems. The structure of the traditional SPS is based on radial power distribution. The need for higher survivability, efficiency, and reliability urged navy fleets to employ Zonal Electrical Distribution (ZED) architecture as an alternative for the SPS to achieve these goals [9] . Currently, there are three different structures that have been studied for the electric ship power systems: Medium Voltage AC (MVAC), Medium Voltage DC (MVDC), and High frequency AC (HFAC).
The general topology of MVAC SPS is depicted in Fig. 1 . The main AC bus is set to 4.16 kV and 60 Hz frequency. Two main generators and two auxiliary generators provide power to the load centers in MVAC SPS. The system is divided into a number of electric zones, and each zone has load centers that can be connected to both Port bus or Starboard bus [10] .
The MVDC SPS is identified as a new system integration and power distribution architecture as an alternative for AC system for the naval warships. The model that represents an MVDC architecture is shown in Fig. 2 . The MVDC architecture utilizes an 5 kV MVDC ring bus and is fed from the main and auxiliary generators through transformers and rectifiers. Similar to the MVAC SPS, loads are distributed as zonal loads. Electric power is converted into mechanical power through propulsion induction motors and propellers [11] . The advantages of MVDC power system in comparison to AC-based architecture are summarized as follows [12] .
• Higher power transfer capability for a given (DC) current level.
• Easy connections and disconnections for both power sources and loads through the use of power converters as connection interfaces. VOLUME 6, 2018 FIGURE 2. Baseline System Model for MVDC shipboard distribution system [8] .
• Better management of faults and disturbances by utilizing the controlled power electronics devices. Designing a protection system for SPS is a challenging task due to the limited power sources in a limited space. The protection system design needs more consideration for the MVDC SPS architecture. In this system, it is important to properly coordinate the power electronics and protection devices to design a robust protection system [13] . For example, DC arcs are hard to be extinguished in the absence of a voltage or current zero crossing. Therefore, the traditional fault management techniques employed by the conventional power networks are not desirable for the MVDC SPS application. On the contrary, the MVDC SPS can take advantages of power electronic converters to identify and isolate the faults.
III. FAULTS IN SPS
Buja et al. [14] define a fault as a deviation of a component operating from the expected status. A common expression that has been used to describe similar effects is failure. Although, by definition, failure indicates a complete breakdown of a component, whereas fault suggests tolerable phenomena. In this paper, we refer to any abnormal operations in the system's components as faults. By this definition, we consider a broad range of disruptive events that prevent the system from functioning properly.
Faults in the SPS occur for various reasons as follows.
• Physical system faults: Short circuit faults are included in this type of fault [15] . In MVDC SPS, this fault includes short circuits on the MVDC bus among any two or three lines or short circuits on the MVDC bus between any line and ground [16] . High impedance, arcing faults [17] , and short circuit faults such as single line to ground and three phase faults on the AC load side are also included in this type of fault [3] . Rail to rail and rail to ground short circuits caused by component or control failure and any of the converters or sub-systems attached to the MVDC bus are some other examples of this type of fault.
• Measurement faults: These faults are caused by malfunctions, failure, or error of the measurement devices such as the relevant control system, associated communication systems, and sensors [15] , [18] . These faults are caused by bad calibration, abnormal environmental situations, and aging of the measurement devices. Both physical and measurement faults need to be responded to in a way that their impact on the SPSs performance is minimized. The focus of this paper is on reviewing detection, isolation, and system reconfiguration techniques for physical system faults in SPSs. Relationship of fault-tolerance, survivability, security and reliability from [20] .
IV. NEED FOR FAULT MANAGEMENT IN SPS
A robust fault management framework is crucial to increase a system's ability to accomplish the desired operation in the presence of faults. In SPS, a minor fault can result in destructive consequences such as endangering the survivability of the SPS, damage to components and equipment, and threatening 9432 VOLUME 6, 2018 the continuity of electric service for the vessel. Therefore, fault-tolerance becomes an imperative consideration during the early-design steps of the SPS [19] . Geraci et al. [19] conduct a comprehensive review of four widely used concepts: fault-tolerance, reliability, security, and survivability. Moreover, it is shown that these concepts have some common features in their use as shown in Fig. 3 . This figure shows that by combining fault-tolerance, survivability, and security together, the overall reliability of the SPS is achieved based on the following considerations.
• Enhancing Fault-tolerance: fault management is used to increase the capability of the SPS to continue the proper service in the presence of faults.
• Improving Survivability: by employing fault management techniques, the SPS can have the ability to identify faults, adapt to them, and restore to minimize the effects of the faults.
• Ensuring Security: SPS can preserve the integrity of the system by an appropriately-designed fault management system. Recently, researchers have developed various techniques to deal with faults in SPS. These techniques include [19] , [20] :
• Fault Detection and Localization: to identify the fault existence and the location of the fault.
• Fault Isolation: to isolate a fault and impeding its propagation.
• System reconfiguration: to remain in operation status using a reconfiguration strategy under the presence of faults. As a fault propagates through the SPS, it will result in malfunctions in the ship's operation. It is possible for a single fault to cause multiple consequences. Once a fault manifests itself, detection of fault occurrence depends upon the presence of the fault detection system. The integrity of the service will be compromised if a fault remains undetected. The ability to detect the fault is a prerequisite to fault management. Therefore, the role of the first step is to discover the existence of faults in the system and obtain information about the faults as well as the faulty parts of the system. When a fault is detected, the isolation of the faulty component must be performed to disconnect the affected part from the rest of the system. It is most desirable to remove the effects of the fault in a way that guarantees a ship's survivability and effectively maintains a particular level of performance. It is the responsibility of the system reconfiguration system to restore the system to an acceptable safe operation level. Remedy actions are taken by the fault management system to maintain appropriate operating conditions for the post-fault system. All of the system reconfiguration methods are based on the assumption that the faulty part is disconnected from the rest of the system using the information provided by a Fault Detection and Identification (FDI) system through the protection devices. Under this assumption, the goal of the system reconfiguration is to return the system to a stable working condition with minimum service interruption.
To the best of our knowledge, currently, there does not exist a fault management system that considers all the possible faults in the SPS and the above-mentioned procedures in one framework. The post-fault system reconfiguration process needs to handle faulty situations after the fault type is revealed and the faulty parts are disconnected from the rest of the system. Therefore, the process and design issue of the reconfiguration controller and its integration with FDI scheme should be investigated.
In the following sections, a detailed discussion of each technique is provided.
V. FAULT DETECTION AND LOCALIZATION
The detection and localization of different types of faults within the SPS is a challenging topic in the design process due to the close proximity of electrical and physical components within the ship and the rigorous performance and safety regulations. The first step in dealing with a fault is to determine the fault location. The fault location indicates the physical position of a fault in the system. This information is very useful for isolating the fault and impeding the fault's propagation in the system. When a fault occurs in a part of the system in an SPS, it is crucial to identify the fault location as precisely and quickly as possible for assuring the service reliability. Only a few studies discuss methods of fault classification and algorithms for accurate fault localization in SPS. Therefore, this topic remains a subject for further research.
The fault detection schemes in SPSs are still in the early developmental stage due to the smaller scale of the SPS compared with territorial power systems, higher safety requirement, and more complex multi-terminal distribution network. The existing fault detection schemes for SPS are summarized as follows.
A. DISTANCE PROTECTION SCHEME
The basic principle of the distance protection scheme is based on the estimation of distance to a fault by calculating the impedance between the relay location and selected reach point. The distance protection scheme has been investigated in [21] to protect the MVAC SPS from AC short circuit faults such as double line to ground faults in the transmission cables. The impedance of the cables in SPS are in the order of 0.04 ohm/1000 feet due to shorter length of the cables compared to the other power system networks. The difference between measured impedance and calculated impedance is relatively large with respect to the cable's impedance. This issue makes the application of distance protection scheme impractical in SPS [21] .
B. OVERCURRENT PROTECTION SCHEME
The overcurrent protection scheme is another conventional fault detection and localization method in the power system. The overcurrent relays operate once the current flowing into a protected part of the system exceeds a predefined threshold. In SPS, the generators' breakers are equipped with VOLUME 6, 2018 overcurrent relays. The power is supplied by multiple generators, and this makes the coordination of the overcurrent relays a tedious task to meet the selectivity requirement of the protection system. Therefore, due to the underlying tightlycoupled distribution network, the overcurrent protection is not a suitable protection scheme as a primary fault detection scheme in SPS [22] . Conventional backup schemes including distance and overcurrent approaches were initially implemented to protect SPS network, but they both failed due to problems introduced by the short cables' length in SPS. In [21] , the overcurrent protection scheme has been used for MVAC SPS protection as a backup protection to preserve the system from unsymmetrical AC faults.
C. CURRENT DIFFERENTIAL SCHEME
This method is based on Kirchhoff's current law which states that the sum of the currents flowing into a node is equal to the currents flowing out of the same node [23] . In this method, the currents entering a system's component are observed, and if their sum is not equal to zero, the presence of the fault is revealed. The main advantages of this method are its acceptable accuracy and speed with a relatively excellent sensitivity. The main disadvantages of this method [3] are the need for a connection between all the terminals in the system, and only sections between the measurement points are protected. Moreover, backup protection for other parts of the system is not guaranteed, and current transformer malfunction can affect its functionality.
This method of protection works properly in systems with short cables. In power networks with relatively short cable length, the performance of the current differential scheme will not be affected. The main features of this scheme are its accuracy, speed, and high sensitivity to locate the faults even in the systems with short cables. This allows to precisely discriminate between faults even under the effect of disturbances such as power swings. Moreover, although the length of the cables is short in SPS, differential protection is highly dependent on the communication between the differential relays. This issue reduces the reliability of the SPS. Each SPS component needs a differential relay to locate the fault effectively. The SPS includes a multitude of loads and devices, thus making the implementation of this method impractical.
D. ACTIVE IMPEDANCE ESTIMATION (AIE) SCHEME
In this method, a power converter connected to the bus injects short-duration currents within spread frequency spectrum to calculate the bus impedance [24] . The system's impedance seen from the Point Of Measurement (POM) is evaluated using the measured voltage and current as represented in
where F is the Fourier transform operator. If an abnormal condition is detected, the power converter injects current. In this method, the harmonic of the voltage and current signals are obtained by Fast Fourier Transform (FFT). The information on both the fault location and the fault severity are evaluated by the system's impedance calculated at POM. The main challenge regarding this method is to select the proper frequency during which the calculated impedance can yield a high resolution and precise system's value within a short period of time. In [24] , AIE method has been utilized to accurately find the location of DC faults on the main DC bus in an MVDC SPS model.
E. WAVELET ANALYSIS TECHNIQUE
In this method, wide-band and non-stationary signals are decomposed into specific time-frequency resolutions [3] . Wavelet Transform (WT) can then be employed to obtain the sudden-changing feature of the voltage and current signals (for example, raise in current during short circuit fault). In the power system, wavelet analysis techniques have been widely exploited for fault detection, localization and classification [25] , [26] . This method can be used for detection of various faults occurring in SPS such as short circuit fault, ground faults, and internal faults in Voltage Source Converters (VSC). This method of fault detection has also been used to detect different possible faults in MVDC SPS including short circuit faults on the primary DC bus and short circuit faults on the AC side such as phase to phase faults in [3] and [27] . To obtain the features of different types of faults, an MVDC SPS model has been modeled in the Realtime Digital Simulator (RTDS), and WT-based method has been employed to analyze the simulation data in MATLAB.
In terms of accuracy, the WT-based fault detection technique has the best performance among the fault detection schemes [17] . In this method, the use of WT as a feature extractor significantly enhances the performance of the detection scheme.
F. TRAVELING WAVE FAULT LOCATION SCHEME
This fault localization method has been widely-used for precisely locating the faults in transmission and distribution lines in power systems [28] . In a transmission line, the voltage at the fault location drops instantly when a fault occurs. In this case, from the location of the fault, high frequency traveling waves propagate in both directions. Traveling wave fault location method is performed by making time-synchronized measurements at both ends of the transmission line (doubleended) and time-tagging the arrival of the initial traveling waves usually using a Global Positioning System (GPS) timing signal [29] . This type of protection scheme can be used to locate the faults on the main DC bus of the MVDC SPS, but the main obstacle to using this method is that for a small scale physical system in the SPS, it is difficult to measure the time difference with enough accuracy.
G. ARTIFICIAL NEURAL NETWORK (ANN)-BASED METHOD
In ANN-based fault detection method, the fault location is determined by using the transient information contained in the fault voltage and current waveforms [30] . This method is effective in detecting the type and location of the faults, especially in DC power systems. The main drawback of this 9434 VOLUME 6, 2018 method is that using the sampled data as inputs of ANN has lead to long training procedures and significant calculation burden; at the same time, due to the sophisticated structure of ANN, it cannot be used for online fault localization. In SPS, it is essential to precisely identify the faulty component and discover the fault type to minimize the negative impacts of a fault. This is fulfilled by monitoring the system states including voltage, current, and frequency of the system in fault situations. This type of fault localization method has been used in [30] to locate three possible faults including positive rail to ground fault, rail to rail fault, and negative rail to ground fault in an MVDC SPS.
VI. FAULT ISOLATION
Based on the fault identification and localization, the protection system needs to prevent or limit the fault's destructive effects by disconnecting the SPS's faulted part [31] - [34] . Fault Isolation (FI) in a system is enabled to isolate the faulted sections with switches. The success of an FI system depends on analyzing the information extracted from the monitored signals and the communications between components.
SPS is a tightly-coupled system due to the short length of the connection cables and heavy dependency between the various system's components. This issue causes fast propagation of the fault currents throughout the system, so the problem of fault isolating is more critical to SPS compared with other power systems. The SPS fault isolation system must be fast, secure, sensitive and highly-adaptive to the system's configuration. The onboard fault isolation system is categorized into the two main following types.
A. BREAKER-BASED METHODS
In breaker-based methods, which are the most common forms of the protection in power systems, mechanical circuit breakers are used to protect the distribution system. In MVDC SPS, the currents need to be extinguished by extra devices due to the lack of natural zero crossing. Because of the limited voltage and current ranges, DC circuit breakers can extinguish the arc caused by the faults. These breakers use different structures to dissipate and cool the arc adequately such that the arc voltage finally surpasses the system's voltage and forces the current to zero [35] .
An interesting technological trend in SPS protection device design is the use of Solid State-based Circuit Breakers (SSCB) and Z-source breakers. These methods of fault isolation belong to the breaker-based methods. SSCBs are composed of solid state switches such as IGBT or IGCT thyristors and a snubber circuit. These breakers are a combination of resistances, capacitors, and Metal Oxide Varistors (MOVs) to dissipate energy during the interruption process [36] . This type of switch is capable of interrupting the fault currents in a very short duration compared with the existing methods. Fig. 4 shows a typical SSCB that is used for fault interruption. To increase the functionality of the SSCBs, additional devices such as mechanical switches or capacitor can be incorporated with the switch.
The detailed architecture of SSCB is discussed in [37] . It is shown in that fast fault interruption, low peak current, flexible and programmable coordination, and mechanical isolation are the key features of these types of fault isolations in MVDC SPSs. In [38] , the design of system protection for MVDC SPS using SSCBs is provided to interrupt the DC fault. It is also shown that this method of protection offers higher reliability and faster speed to the DC shipboard distribution. The major challenge of employing these types of breakers are their higher loss compared with conventional methods. The application Z-source breakers in MVDC SPS are also investigated in [39] - [42] . The configuration of this type of breaker is shown in Fig. 5 . Z-source breakers consist of a Silicon Controlled Rectifier (SCR), a crossed L-C connection, diodes, and resistors. During steady state operation, the current takes the path from the source to the load through the SCR and inductors. When a fault occurs, its transient-state current flows through a path involving the capacitors which are in opposition to the SCR current. Therefore, this fault current will quickly drive the SCR current to zero, causing the SCR to switch off. Rapidly and automatically, the faulty load is removed from the system. Fig. 6 shows one possible way to integrate Z-source breakers into the zonal SPS. In the MVDC SPS, these types of breakers could be an effective method to handle the DC faults on the main DC buses. In [39] , a modified Z-source circuit breaker has been proposed to overcome the limitation of the conventional Z-source circuit breakers in the SPS application. The proposed breaker can improve the performance of the protection device to deal with large transient faults. In [40] - [42] , the application of the Z-source breaker with some improvements to its topology has been explored in the MVDC SPS.
B. BREAKER-LESS METHODS
Fast fault protection is required to impede damage to system equipment due to quickly increasing DC fault currents caused by low inductance in MVDC SPS. However, fast DC pro- tection is hard to achieve with conventional circuit breakers. In breaker-less fault isolation methods, the VSC that use self-turn-off power electronic devices employs converters for fault current interruption [43] . The breaker-less approaches have the fault detection scheme inside the power converters themselves. In the event of a fault, the VSC may be switched to a block mode to prevent the fault propagation in the system. In [35] , a fault protection strategy for DC shipboard distribution based on the coordination of bus switches and power supply converters has been proposed. An active fault current foldback via firing-angle control is implemented in the thyristor rectifier in an MVDC SPS to protect the system from short-circuit fault [44] .
As it is shown in these studies, the DC-DC or AC-DC converters must be fully controllable, and they can not be of topologies such as diode rectifiers or simple DC-DC boost converters. The advantages of using this approach are higher fault interruption speed, performance improvement, and lower cost. The drawbacks of using this type of fault isolation in MVDC SPS are summarized as follows.
• All types of DC faults can not be controlled by this method since some parasitic paths could be present in converters and systems.
• Additional series switches are required to interrupt the fault current.
• In case of faults, the converters may not tolerate the fault currents which leads to cascading failures.
• This method of fault protection may affect all sections fed by the DC bus, not only the faulted section of the system. One the main issues regarding this type of fault isolation is high loss due to use of power electronic devices. These losses could result from the switching and conduction losses. The switching losses are due to transition from the blocking state to the conducting state and vice-versa. Conducting losses occur when a power electronic device is in the conduction state. Table. 1 summarizes the common methods that are used to isolate the faults in SPS and their advantages and disadvantages.
VII. POST-FAULT RECONFIGURATION
After the faulty components are separated from the rest of the system, it is important to quickly restore the power supply to the affected parts of SPS by adjusting the system configuration to improve the system reliability and ensure safe and satisfactory operation of the system. This process is named reconfiguration. Similar to terrestrial power systems, onboard post-fault reconfiguration aims to ensure the maximum delivery power/service to the system loads following a fault [45] .
To deal with the reconfiguration problem in the power systems, some research works are conducted in [46] - [52] . A review on publications related to power distribution system reconfiguration has been performed in [46] . In [47] , a new reconfiguration method has been presented to minimize the real power loss and improving the voltage profile in the presence of distributed generations. In [48] , a probabilistic reliability evaluation method has been incorporated to the reconfiguration problem in power distribution system to maximize the reliability of power supplied to the loads. A modified plant growth simulation algorithm has been used in [49] to minimize power loss in a radial distribution network. In [50] , a Lagrange relaxation approach has been applied to the reconfiguration problem to minimize the power losses, total cost of energy losses, switching operation and network reliability. A comprehensive review on different methodologies for reconfiguration in power distribution systems embedded with distributed generation is presented in [51] . A Tabu search optimization algorithm has been utilized to solve the reconfiguration problem in [52] for improving the stability of the power distributions.
The reconfiguration objectives considered in the literature include:
• Power loss reduction [49] .
• Preserving the stability margins [52] .
• Minimization of the switch operations [46] .
• Maximizing the number of the served loads [53] . However, the active power loss is considered negligible compared to other types of power systems due to the tightlycoupled distribution network in SPS and thus does not constitute a critical objective for SPS reconfiguration problem [53] . Another unique feature of SPS is that the priorities of the loads in different missions are different. The loads tend to change priorities according to the current operating conditions or the mission requirements. Therefore, the loads' priorities need to be taken into account during the process of reconfiguration. These features have motivated researchers to investigate reconfiguration methodologies exclusively for the SPS [54] - [59] .
The optimization formulation for the electric SPS reconfiguration problem is represented generally in the form,
subject to:
In Equations (2)- (3), N and M are the number of the loads and generating units, respectively. W i is the priority level associated with i th load based on the operating ship's mission, P i is the power consumption for i th load; P gen is the generated power for i th generation unit; X i is a breaker status corresponding to the i th load; X Gi is a breaker status corresponding to the i th generator. The status of the breaker can take binary values: 0 and 1, representing the breaker open status and closed status, respectively. A key point regarding this objective function is that the amount of the generation must be optimized. It means that the difference between the total generations and load consumptions needs to be minimized. The inequality constraint in (3) implies that the total generation from the generation units must be greater than the available loads during the reconfiguration process. Power flow constraints for the power balancing requirements, voltage limits, and lines capacity must also be considered in this problem. If a solution does not satisfy these constraints, the optimizer tool must search for a new solution. In the reconfiguration problem, the decision variables are a set of binary variables representing the status of the loads' breakers. The reconfiguration objective is to find the optimal set of the loads' breakers' statuses according to the objective function defined in (2) .
The reconfiguration in SPSs are classified into two categories according to the implementation strategy as follows.
A. CENTRALIZED APPROACH
Traditionally, centralized reconfiguration for service restoration of SPS has been recognized as an optimization problem where the objective function is to maximize the delivery power/current to the loads [54] , [60] . To do so, one or more central controller(s) are required to deal with the reconfiguration problem of the distribution network(s). Currentlyused techniques to solve the SPS reconfiguration problem include: heuristic search techniques [57] , graph theory [61] , network flow approach [56] , expert system [62] , etc. For instance, as a heuristic optimization approach, Genetic Algorithm (GA) is widely-utilized as one of the most powerful methods where the binary GA's variables are integrated into the problem formulation to search the optimal network configuration [63] - [65] . Shariatzadeh et al. [66] have proposed combined GA and graph theory algorithms to solve the reconfiguration problem for real-time configuration of the SPS. Particle Swarm Optimization (PSO) with Ant Colony Optimization (ACO) is used in [67] to find the optimal topology of the SPS's network while meeting the security constraints. In [68] , a quantum differential evolution algorithm is proposed to solve the reconfiguration problem in SPS. In [69] , GA and PSO optimization techniques are used for the real time implementation of reconfiguration problem in the SPS. However, as the number of feasible solutions increases during the reconfiguration process, the size of the optimization problem becomes critical, and the convergence properties may be affected as well. Therefore, the existing approaches may not be appropriate for real-time operation of the SPSs. Dynamic Neighborhood Small Population Particle Swarm Optimization (DNSPPSO) is proposed in [54] to solve the reconfiguration problem in SPS. Compared to the conventional PSO, this optimization technique is much faster to find the optimal solutions.
B. DECENTRALIZED APPROACH
Decentralized reconfiguration in an SPS can be achieved through a Multi-Agent System (MAS) approach. In this technique, the power supply is locally allocated to the loads after the faults take place to return the system to normal operation temporarily after an interruption in service [59] . In an MAS, several agents work jointly to achieve the target. Multi-agent models are adjusted to have cooperation and collaboration as well as autonomy [29] , [70] , [71] . In [72] , the feeder automation system based on MAS is proposed for SPS restoration after contingencies. In the proposed operation scenario, since the capacity of the reserve generation is not sufficient to support all the loads, a load shedding strategy is used to restore service based on the loads and VOLUME 6, 2018 feeders priority. A novel fully-distributed MAS-based load restoration strategy is proposed in [73] , where each agent makes synchronized load restoration decisions based on the local information, and each of the agents is assigned a direct communication channel with their direct neighbors. Table. 2 provides an overview of the different approaches to address the reconfiguring problem in the SPS. One of the main advantages of the centralized approaches for reconfiguration is that the central controller has access to all the required information. Therefore, in the case of a contingency, the central controller updates the system states to deal with the reconfiguration problem. The drawbacks of the centralized approach are its operation cost [74] and the fact that it may result in a single point of failure in the system if the system lacks redundancy [75] , [76] . Meanwhile, the centralized problem formulation only considers global optimality of power delivery for the whole SPS which may not be ideal when only certain onboard sections are of interest [59] . In the decentralized approach, there is no central controller, and this prevents the system from a single point of failures. Moreover, the decentralized approach is more robust and has more flexibility compared to the centralized approach. The main disadvantage of the decentralized approach is that their capability to find the global optimal solution is limited compared to the centralized approach due to the limited access to the global system state.
C. REMARKS ON CURRENT APPROACHES FOR SYSTEM RECONFIGURATION IN SPS

VIII. FAULT MANAGEMENT FUTURE TRENDS AND RECOMMENDATIONS
A fault management system is necessary for the SPS to take corrective actions to mitigate the effects of the faults. Instead of solely removing the faulty parts from the system, the system is expected to deal with the fault by applying control actions. As demonstrated in the previous sections, the unique characteristics of SPS have made the fault management techniques dramatically different than terrestrial power systems. Implementing these methods requires specific considerations such as the coordination between different stages including fault detection, fault isolation, and system reconfiguration needs to be carefully addressed during the designing process. Moreover, it is not possible to predict all the possible fault scenarios that can occur in the SPS. In this case, to minimize the consequences of the unknown faults, recovery actions will be implemented by the controller [77] .
Existing reconfiguration techniques reviewed in the preceding sections are largely based on the assumption that the information of the post-fault system is provided by a functional FDI system. Under this assumption, the system reconfiguration objective is to maintain the system performance close to the normal situation. However, if the fault is not appropriately restrained during its progress, serious consequences can occur and the system survivability of SPS may be jeopardized. To the best of our knowledge, there is no fault management system that considers all the main possible faults in the SPS and also all of the above mentioned tasks in one framework. Therefore, the reconfiguration control design during the fault period needs to be carefully considered. In addition, the design of the reconfiguration controller and its integration with FDI scheme should be investigated.
In the scope of fault isolation in SPS, it is worth mentioning that an intelligent and fast protection scheme is extremely critical for the modern power systems such as SPS [78] . The design of fast operation and low-loss switches can significantly improve the performance of the fault isolation schemes. Although the development of ultra-fast fault interruption methods based on VSCs is highly desired, these devices have rather high losses during normal operation. This is a new research area and is still under development.
Another critical issue concerning fault management in SPS is dealing with transient faults [79] , [80] . This type of fault can affect the system for a short period of time. When a transient fault occurs in the SPS, a voltage dip will appear on the AC side of the system, where certain vital loads such as propulsion loads are connected. Therefore, riding through the short-term disturbances, especially under unbalanced system AC faults, and maintaining the voltage stability during different types of faults in SPS is one of the most challenging issues. One of the suggestions is to employ FACTS devices that help the system by injecting reactive current to keep the bus voltage at the desired value in postfault situations [82] - [84] .
In most reconfiguration problems, to simplify the problem formulation and accelerate the solution process, the loads are considered non-varying power consumptions under different SPS operational modes. Generally, this method works effectively on systems where the loads are relatively small compared to the amount of the generated power. However, in this method, considering the loads as constant power demand, may create a false sense of the accuracy of SPS's equipment's consumption and thus, does not reflect the reality of the SPS load characteristics. More specifically, the uncertainty of the SPS's loads should be taken into account during different operational modes. This can be a potential research topic, namely, to study the SPS's reconfiguration problem taking into account the probabilistic characteristics of the loads as part of the problem formulation under different electric maneuvering and mission profiles.
IX. CONCLUSION
In this paper, the state-of-the-art fault management techniques in electric ship power systems have been reviewed. We first break down the overall fault management problem into several aspects, including fault detection and location, fault isolation, and post-fault reconfiguration. Then, an in-depth review of current fault management methods and techniques to mitigate the effect of faults on the system reliability and performance has been presented. Furthermore, some potential research directions in designing and implementing fault management systems have been proposed and discussed. The objective of this survey is to help researchers in the field to further comprehend the existing fault handing approaches and the challenges in designing the future fault management system for SPS applications.
